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Abstract 
Background: Both intestinal and pulmonary systems are parts of the mucosal immune system, comprising ∼80% of all immune cells. 
These immune cells migrate or are transported between various mucosal tissues to maintain tissue homeostasis. 

Methods: In this study, we isolated neutr ophils fr om the peripheral blood of patients and utilized imm unofluor escence, flo w c ytometry, 
and Western blotting to confirm the incidence of “n ucleus-dir ected de gr anulation” in vitr o . Subsequently, w e conducted a precise 
anal ysis using ari vis softw ar e. Furthermor e, using the DSS mouse model of colitis and tissue clearing tec hnologies, w e validated the 
“targeted nuclear de gr anulation” of neutrophils and their migration to the lungs in an inflammatory intestinal environment. 

Result: In this study, we found that among patients with ulcerati v e colitis, the migration of neutrophils with “targeted nuclear de gr an- 
ulation” from the intestinal mucosa to the lungs significantly exacerbates lung inflammation during pulmonary infections. Notably, 
patients with ulcerati v e colitis exhibited a higher abundance of neutrophils with targeted nuclear de gr anulation. Using DSS mice , 
we observed that neutrophils with targeted nuclear de gr anulation from the intestinal mucosa migrated to the lung and underwent 
acti v ation during pulmonary infections. These neutrophils rapidly released a high amount of neutrophil extracellular traps to medi- 
ate the pr ogr ession of lung inflammation. Alterations in the neutrophil cytoskeleton and its interaction with the nuclear membrane 
r e pr esent the primary mechanisms underlying targeted nuclear de gr anulation. 

Conclusion: This study r ev ealed that neutr ophils accelerate lung inflammation pr ogr ession in colitis, offering new insights and po- 
tential treatment targets for lung infections for patients with colitis. 

Keywords: neutrophils; targeted nuclear de gr anulation; reverse migration; ulcerati v e colitis; pneumonia 

Gr aphical Abstr act 

Targeted nuclear de gr anulation of neutrophils promotes the progression of pneumonia in ulcerative colitis. 
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Introduction 

The phenomenon of pulmonary–intestinal crosstalk was initially 
documented in 1968 and validated in subsequent studies, partic- 
ularl y in r elation to inflammatory bo w el disease (IBD)-associated 
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n the absence of overt symptoms [ 3 , 4 ]. Typical pulmonary
14 October 2024 
hina School of Medicine & W est China Hospital of Sichuan Uni v ersity. This 
tribution-NonCommercial License 
 re-use, distribution, and r e pr oduction in any medium, pr ovided the original 
@oup.com 

https://orcid.org/0000-0003-3999-7242
https://orcid.org/0000-0002-7803-605X
mailto:zgx_viola@126.com
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


2 | Shao et al. 

m  

d  

U  

c  

f
 

m  

m  

d  

t  

a  

c  

z  

s  

a  

e  

c  

t  

g  

(  

n  

t  

p  

s
 

s  

p  

d  

t  

u  

i  

c  

f  

i  

T  

o  

s

M
E
T  

m  

i  

u  

t  

c  

p  

a  

a  

a  

s  

t  

M  

w

N
A  

h  

b  

#  

(  

a  

a  

r  

r  

a  

T  

f  

t  

w  

c

M
M  

a  

u  

f
 

m  

w  

i  

d
 

t  

n  

i  

s  

w  

a

Q
M  

s  

t  

(  

(  

h  

t  

s  

(  

p  

R  

t  

t  

D  

3  

s  

n

N
e
N  

c  

c  

w  

3  

t  

m  

b  

m  

f  

c  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/pcm

/article/7/4/pbae028/7821666 by guest on 04 D
ecem

ber 2025
anifestations of ulcer ativ e colitis (UC) include airway and lung
iseases, whic h often emer ge months to years after the onset of
C [ 5–8 ]. The r espir atory and gastr ointestinal systems ar e integr al
omponents of the m ucosal imm une system, enabling the trans-
er of immune cells between different mucosal tissues [ 9 ]. 

The m ucosal imm une system encompasses ∼80% of all im-
 une cells, whic h migr ate between differ ent m ucosal tissues to
aintain tissue homeostasis [ 10 ]. Neutrophils, the most abun-

ant immune cells, will be activated after infection and migrate to
he site of infection [ 11 , 12 ]. Neutrophil extracellular traps (NETs),
 novel form of neutrophil death, consist of DNA from the nu-
leus or mitoc hondria, anti-micr obial peptides, and hydr ol ytic en-
ymes, forming a mesh-like structure [ 13 ]. Ho w ever, numerous
tudies have reported that excessive release of NETs can dam-
ge the endothelium and accelerate the progression of several dis-
ases [ 14 , 15 ]. In a pr e vious study, we discov er ed that tar geted nu-
lear degr anulation serv es as a crucial mec hanism for neutr ophils
o release NETs during sepsis [ 16 ]. We observed that azurophilic
r anules mer ge with the nucleus and r elease myeloper oxidase
MPO) into the nucleus, participating in the decondensation of
uclear proteins and the unwinding of DNA. Additionally, neu-
r ophils under going tar geted nuclear degr anulation can exist in a
r e-activ ation state in the circulation and r a pidl y form NETs after
timulation [ 16 ]. 

The excessive release of NETs in the lung during lung infections
ignificantl y acceler ates disease pr ogr ession [ 17–19 ]. In clinical
ractice, we noted that patients with active UC experience rapid
eterioration of lung symptoms after lung infections. Ho w ever,
he specific underlying mechanism remains unclear. Our study
ncov er ed that neutrophils with targeted nuclear degranulation

n the intestinal mucosa of Dextran sulphate sodium (DSS) mice
an enter the circulation and migrate to the lung during lung in-
ections . T hese neutrophils rapidly release NETs after stimulation
n the lung, thereby facilitating the progression of inflammation.
 hese findings pro vide in valuable insights into the management
f lung infections in patients with IBD and advance our under-
tanding of pulmonary–intestinal crosstalk. 

aterials and methods 

thical statement 
his study was a ppr ov ed by The Jining Medical University Com-
ittee . For experiments in volving human blood samples , signed

nformed consent was obtained from all patients and healthy vol-
nteers. Blood samples were taken from the cubital veins of pa-
ients and healthy donors. All the experimental methods were
arried out in accordance with the a ppr ov ed guidelines. All ex-
erimental pr ocedur es involving mice were carried out in strict
ccordance with the recommendations in the Guide for the Care
nd Use of Laboratory Animals of the National Institutes of Health
nd State K ey Labor atory of Pathogens and Biosecurity of the In-
titute of Microbiology and Epidemiology. Blood samples from pa-
ients with UC were obtained from the Affiliated Hospital of Jining
edical University, and blood samples from healthy individuals
ere obtained from the medical examination center. 

eutrophil extraction 

 neutrophil isolation kit was used to isolate functional,
ighl y purified neutr ophils dir ectl y fr om human whole blood
y imm unoma gnetic negativ e selection (STEMCELL Tec hnologies,
18 103, #19 666). Briefly, 50 μl of liquid A and 50 μl of liquid B
ma gnetic beads) wer e added to eac h 1 ml blood sample, mixed
nd allo w ed to stand for 5 min. Stem buffer, diluted 1 : 1, was
dded to the blood sample, which was then placed in a magnetic
 ac k and allo w ed to stand for 10 min. The supernatant was aspi-
ated, 50 μl of solution B was added to each 1 ml of supernatant,
nd the mixture was again placed in the ma gnetic r ac k for 5 min.
he supernatant was aspirated and placed in the magnetic rack
or a further 5 min. The supernatant was then aspirated and cen-
rifuged at 400 × g for 5 min to obtain neutr ophils. Neutr ophils
er e extr acted and stor ed in RPMI-1640 medium (Gibco, Canada)

ontaining 10% fetal calf serum (FBS). 

ice 

ale mice (C57BL/6, 8 weeks old, Suzhou, China) were maintained
t the Animal Experimental Center of Jining Medical University
nder a 12-h light–night cycle with free access to food and water

or at least 1 week before the experiments. 
A DSS-induced colitis model in mice was established using a

ethod described pr e viousl y [ 25 , 26 ]. Briefly, wild type (WT) mice
er e giv en 2.0% DSS (molecular mass, 36 000–50 000, MP Biomed-

cals, Solon, OH, USA) in their drinking water for a continuous 7
a ys . 

Chlor al hydr ate (8%) was injected intr a peritoneall y for anes-
hesia. The abdomen of the mouse was shaved and the abdomi-
al skin disinfected. The abdominal cavity was opened in a ster-

le environment and the colon was located along the cecum. Pre-
tained exogenous neutrophils were injected into the intestinal
all and the intestine was returned to the abdominal ca vity. T he
bdomen was then closed layer by layer. 

uantification of MPO–DNA complexes 

PO–DN A complexes w er e quantified similarl y to pr e viousl y de-
cribed protocols [ 28 ]. This protocol used several reagents from
he Cell Death Detection Enzyme-Linked Immunosorbent Assay
ELISA) kit (Roche). First, a high-binding EIA/RIA 96-well plate
Costar) was coated overnight at room temperature (RT) with anti-
uman MPO antibody (RD, DY DY3174). The plate was washed
wice with wash buffer [0.05% Tween-20 in phosphate-buffered
aline (PBS)] and then blocked with 4% bovine serum albumin
Millipore Sigma) in PBS (with 0.05% Tween-20) for 1 h at RT. The
late was again washed five times before incubating for 90 min at
T with serum or plasma. The plate was washed a further five
imes and then incubated for 90 min at RT with anti-DNA an-
ibody (Horser adish Per oxidase (HRP) conjugated; fr om the Cell
eath kit). After five more washes, the plate was de v eloped with 3,
 

′ ,5 ,5 ′ -Tetramethylbenzidine (TMB) follo w ed b y a 1 M sulfuric acid
top solution. Absorbance was measured at a wavelength of 450
m using a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek). 

ucleoprotein and cytoplasmic protein 

xtraction 

ucleoproteins and cytoplasmic proteins were extracted with nu-
lear and cytoplasmic extr action r ea gents (Thermo, 78 835) ac-
ording to the supplied protocol. Briefly, the treated cells were
ashed twice with pr ec hilled PBS and centrifuged at 500 × g for
 min. The cells were resuspended in 200 μl of cytoplasmic ex-
r action r ea gent I. The suspension was incubated on ice for 10

in, 11 μl of cytoplasmic extraction reagent II was added, incu-
ated on ice for 1 min and then centrifuged at 16 000 × g for 5
in. The supernatant fraction (cytoplasmic extract) was trans-

erred to a prechilled tube . T he insoluble precipitated fraction,
ontaining the crude nuclei, was resuspended in 100 μl of nuclear
xtr action r ea gent and incubated on ice for 10 min, follo w ed b y
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centrifugation at 16 000 × g for 10 min. The resulting supernatant 
contained the nucleoproteins. After extraction, the nuclear and 

cytoplasmic proteins were stored at −80 ◦C until use. 

Western blot analysis 

The extr acted pr oteins wer e separ ated b y Sodium Dodec yl Sul- 
fate Polyacrylamide Gel Electrophoresis (SDS-PAGE) on 7.5%–12% 

polyacrylamide gels and stained with Coomassie blue . T he follow- 
ing primary antibodies were used: anti-MPO (Abcam, ab208670, 1 
: 1000), anti-CD63 (Abcam, ab271286, 1 : 1000), and anti-laminB1 
(Abcam, ab16048, 1 : 1000). 

Immunostaining and microscopy 

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% 

Triton X-100, blocked with 5% BSA, and stained with the follow- 
ing: anti-citrullinated histone H3 (citH3) (Abcam, ab219407; 1 : 
1000), anti-MPO (Abcam, ab208670; 1 : 100), anti-laminB1 (Abcam,
ab16048; 1 : 1000), and anti-CD63 (Abcam, ab227892; 1 : 1000) pri- 
mary antibodies; 4’,6-diamidino-2-phenylindole (DAPI) (Solarbio 
D6470) was used for staining. After staining, the cells were ob- 
served using a Zeiss LSM 900 confocal microscope. Arivis software 
was used for processing 3D images. 

Flow cytometry 

Neutr ophils purified fr om patients and healthy donors were 
stained with anti-CD63 (PE, BioLegend, 353 010), anti-CD35 (FITC,
BD, 565 330), TdT-mediated dUTP Nick-End Labeling (TUNEL) 
(V450, BD, 561 425), annexin V PE/7-aminoactinomycin D (7-AAD) 
(BD, 559 763), and Chlor omethyl-2’,7’-Dic hlor odihydr ofluor escein 

Diacetate (CM-H2DCFH-D A) (FITC , Solarbio, D6470). Respiratory 
oxygen explosion of neutrophils was detected using CM-H2DCFDA 

(Solarbio, China). After being stimulated by 10 nM Phorbol 12- 
myristate-13-acetate (PMA) (Solarbio, China) for 30 min, neu- 
tr ophils wer e stained with 10 mM H2DCFDA in a 37 ◦C incubator 
for 30 min follo w ed b y w ashing twice in PBS befor e anal ysis. To de- 
tect apoptosis , antibodies , annexin V, and 7-AAD (BD Bioscience,
USA) w ere added follo wing the manufactur er’s pr otocol. After in- 
cubating for 15 min at RT in the dark, the neutr ophils wer e as- 
sessed. 

Imm unohistoc hemistry 

Tissue was fixed in 4% formaldehyde, paraffin-embedded, and 

sectioned at 5 μm. The sections were exposed to 3% hydrogen 

peroxide for 10 min to inhibit endogenous peroxidase activity, fol- 
lo w ed b y blocking with 3% bovine serum albumin for 30 min. The 
tissue sections were stained with hematoxylin and eosin and then 

observed by light microscopy. 
Tissue sections were prepared as described above and incu- 

bated with Ly6G antibody (Abcam, ab238132; 1 : 2000) at 4 ◦C 

o vernight. T he sections were then washed and incubated with 

anti-rabbit IgG secondary antibody for 30 min at RT. Then, the sec- 
tions were restained with hematoxylin and developed using a di- 
aminobenzidine kit. Results were obtained by examination under 
an IX73 microscope (Olympus). 

Tissue sections were prepared as previously described [ 29 ]. The 
sections were then incubated overnight with rabbit anti-citH3 an- 
tibody (Abcam, ab219407, 1 : 100) and r abbit anti-MPO pol yclonal 
antibody (Abcam, ab208670, 1 : 100). After washing, the slides were 
incubated with fluorescent dye-coupled secondary antibodies for 
1 h at RT. The DNA was stained with DAPI (Servicebio, G1012,
1:200) for 10 min. Images were acquired using a fluorescence mi- 
croscope. 
LISA 

he pr ocedur e was carried out based on a kit protocol: MPO (RD,
 Y9167-05, D Y3174), soluble thrombomodulin (sTM) (Elabscience,
-EL-H0166c), MPO activity (Sigma, MAK068). Then, 50–100 μl vol- 
mes of standards or samples were added to a 96-well plate and

ncubated at RT. Samples were added to three wells each. Biotiny-
ated antibod y, stre ptavidin-HRP reagent, and TMB substrate were 
dded sequentially according to the protocol. Color was developed 

y incubation for 5–30 min at RT while the sample was protected
rom light. Stop solution was added to each well. The absorbance
t the pr otocol r equir ed was measured within 5 min to measure
r otein le v els, and the data wer e r ecorded. 

DISCO + tissue clearing 

he mice were placed under deep anesthesia with 2% isoflu-
ane and then perfused with 20 ml of PBS and 20 ml of 4%
ar aformaldehyde (PFA)/PBS solution. Lungs wer e quic kl y har-
ested and fixed in 4% PFA/PBS at 4 ◦C overnight and then post-
xed for 1 h at RT. Lungs were stored in PBS at 4 ◦C for further
rocessing. For tissue clearing, we used the iDISCO + method
s described online ( https:// idisco.info/ ) with slight modification
 20 ]. For pr etr eatment, lungs wer e washed in PBS at room tem-
er atur e thr ee times, 30 min eac h. The lungs wer e dehydr ated at
 oom temper atur e by gr adient methanol aqueous solutions (20%,
0%, 60%, 80%, and 100%, 1 h eac h). For a final r emov al of an y
esidual water, the lungs were washed in 100% methanol solu-
ion for an additional 2 h. After dehydrating, lungs were incu-
ated in 66% dic hlor omethane/methanol solution ov ernight at RT
nd then washed in 100% methanol for 2 h. Lungs were bleached
vernight at 4 ◦C in 5% H 2 O 2 /methanol solution and then rehy-
rated in a series of methanol solutions (80%, 60%, 40%, and 20%,
BS; 1 h each). After PBS treatment, lungs were washed in 0.2%
riton X-100 in PBS (PBS-T) twice (1 h eac h). Finall y, the lungs
 ere w ashed overnight, dehydrated, and then washed in 100%
ethanol overnight to remove residual water. Next day, lungs 
 ere w ashed in 66% dic hlor omethane/methanol solution for 3 h
t r oom temper atur e and 100% dic hlor omethane twice, eac h for
0 min. Finally, the lungs were incubated in 100% dibenzyl ether
ntil they looked tr anspar ent. 

The tr anspar ent lungs wer e placed in a c hamber filled with
ibenzyl ether and were imaged by using the Zeiss light-sheet7
icroscope . T he 488 laser po w er w as set at 95% to scan the whole

ung. 

ta tistical anal yses 

ll statistical analyses were performed and graphs were pre- 
ared with GraphPad Prism 8.0 software and Adobe Illustrator.
D ima ge pr ocessing w as carried out using arivis softw are . T he
ha pir o −Wilk test was used to test the normality of continuous
ariables . T he results are expressed as the mean ± standard devi-
tion (SD). For group comparisons , one-wa y Analysis of Variance
ANOVA) was used to compare continuous variables with a nor-

al distribution. The Kruskal −Wallis test was used to compare
ontinuous variables with a skewed distribution. Tukey’s post hoc 
est or Dunn’s post hoc test was used for multiple comparisons.
tudent’s t test and the Wilcoxon paired signed rank test were
sed to compare differences between two groups . T he Pearson
orrelation coefficient was used for correlation analysis. Signifi- 
ant differ ences ar e denoted by asterisks ( ∗P < 0.05, ∗∗P < 0.01,
∗∗P < 0.001, ∗∗∗∗P < 0.0001). 

https://idisco.info/
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Figure 1. Partial dysfunction of neutrophils in patients with UC. ( A ) Flow cytometry analysis showed significant difference in ROS release of 
neutrophils between patients and volunteers. ( B ) Flow cytometry analysis showed no significant difference in phagocytic ability of neutrophils 
between patients and volunteers. ( C, D ) Flow cytometry analysis of CD35 and CD63 expression on neutrophils from both groups sho w ed increased 
degranulation in patient neutrophils. ( E ) ELISA detected higher levels of MPO in the peripheral blood plasma of patients compared to volunteers. ( F ) 
Chemotaxis assay sho w ed no significant difference in the chemotactic function of neutrophils between the two groups. ( G ) Neutrophils from patients 
r eleased mor e NETs when stim ulated with LPS in vitro for 60 min. ( H ) ELISA detected incr eased expr ession of MPO–DNA (NETs) in the peripher al blood 
plasma of IBD patients. ( I ) Flow cytometry analysis showed no significant difference in neutrophil apoptosis rate between the two groups after 24 h. ns, 
Not significant. 
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esults 

 artial d ysfunction of neutrophils in patients 

ith UC 

e isolated peripheral blood neutrophils from 15 healthy volun-
eers and 15 individuals with UC and conducted in vitro experi-

ents to assess their function. Our findings indicate no signifi-
ant changes in the ability of neutr ophils fr om patients with UC
o r elease r eactiv e oxygen species (ROS) or perform phagocytosis
Fig. 1 A, B). Ho w e v er, ther e was a significant increase in neutrophil
egranulation (Fig. 1 C, D) and MPO level in the peripheral blood

Fig. 1 E). Further experiment r e v ealed that among patients with
C, neutrophils exhibited granule polarization and had stronger
PO activity in peripheral blood ( Fig. S1A , B , see online supple-
entary material). Using our ne wl y de v eloped neutr ophil c hemo-

axis model, we observed no significant alterations in the chemo-
axis of neutrophils from patients with UC (Fig. 1 F). Furthermore,
ipopol ysacc haride (LPS) stim ulation led to a gr eater r elease of
ETs from the peripheral blood neutrophils of patients with UC
ompared to healthy individuals (Fig. 1 G). Additionally, the con-
ent of MPO–DNA complexes, a marker of NETs, was significantly
ncreased in the peripheral blood of patients with UC (Fig. 1 H).
inall y, the a poptosis of neutr ophils in patients with UC did not
xhibit a significant delay (Fig. 1 I). Patients with UC had increased
eutr ophil degr anulation in peripher al blood and a gr eater ten-
ency to release NETs. 
argeted nuclear degr anula tion of neutrophils is 

nhanced in patients with UC 

eutr ophils wer e isolated fr om the peripher al blood of five in-
ividuals with UC and five healthy individuals. TUNEL staining
 e v ealed a significant increase in DNA fr a gmentation within the
eutrophil nuclei of patients with UC (Fig. 2 A, B). Moreover, Pep-
id ylarginine deiminase (PAD) acti vity (citH3) was significantly up-
egulated in the nuclei of neutrophils in patients with UC (Fig. 2 C).
n addition, the expression of citH3 was significantl y ele v ated in
he plasma of patients (Fig. 2 D). Increased nuclear entry of MPO
as identified as the main cause of nuclear DNA br eaka ge. No-

ably, patients with UC exhibited a significant increase in MPO ac-
ivity in the nuclei of neutrophils (Fig. 2 E, F, and Fig. S2A , Movie 1 ,
 , see online supplementary material). Electr on micr oscopy r e-
ealed fusion between the granules and nuclear membrane in the
eutrophils of patients with UC (Fig. 2 G). Furthermore, staining

or neutrophil granule membrane (CD63) and nuclear membrane
laminB) demonstrated a significant increase in co-localization
etween the granule membrane and nuclear membrane among
atients with UC (Fig. 2 H, I). Two hours after culturing neutrophils
rom patients with UC, the intranuclear MPO in the neutrophils of
atients with UC was not decreased and the expression of nuclear
embrane CD63 was not reduced ( Fig. S2B , C ). 
Our pr e vious study unv eiled that tar geted nuclear degr anula-

ion is an intermediate state of neutrophil activation. In this study,

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
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Figure 2. Targeted nuclear degranulation of neutrophils is enhanced in patients with UC. ( A ) Increased nuclear DNA fragmentation (TUNEL) in 
neutr ophils fr om IBD patients. ( B ) Incr eased co-localization of TUNEL (DNA br eaks) and nuclear staining (DAPI) in neutr ophils fr om IBD patients. ( C ) 
Incr eased expr ession of citH3 in the nuclei of neutr ophils fr om IBD patients. ( D ) Flo w c ytometry analysis sho wing incr eased expr ession of fr ee citH3 in 
peripheral blood of IBD patients. ( E ) Immunofluorescence staining for MPO (red) and nuclear membrane (laminB, green) showing increased nuclear 
MPO in neutrophils from IBD patients. ( F ) Nuclear protein extraction follo w ed b y ELISA sho wing incr eased nuclear MPO expr ession in neutr ophils fr om 

IBD patients. ( G ) Electron microscopy revealing fusion of granules with the nuclear membrane in neutrophils from IBD patients. ( H, I ) 
Imm unofluor escence staining for eosinophilic granules (CD63, green) and nuclear membrane (laminB, blue) showing increased co-localization of 
granules and nuclear membrane in neutrophils from IBD patients. 
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we found a significant increase in neutrophil targeted nuclear de- 
granulation in the peripheral blood of patients with UC, which 

may be the reason for the increased release of NETs in patients 
with UC. 

Intestinal targeted nuclear degr anula tion 

neutrophils migr a te to the lung 

Our findings indicated that patients with UC have an increased 

abundance of neutrophils undergoing targeted nuclear degran- 
ulation in the peripheral blood circulation. Furthermore, in vitro 
stimulation enhanced the release of NETs . T herefore , we hypoth- 
esized that neutrophils with targeted n uclear degran ulation orig- 
inate from the intestinal inflamed mucosa and can re-enter the 
lung through the peripheral blood circulation (Fig. 3 A). We in- 
jected exogenous neutrophils (red) into the intestinal mucosa of 
DSS mice and sim ultaneousl y stained the mesenteric blood ves- 
sels (green). Confocal microscopy indicated neutrophils migrating 
in r e v erse to w ar d the blood vessels (Fig. 3 B, and Movie 3 , see on-
line supplementary material). After 6 h, we harvested the lungs of 
mice for tr anspar ency tr eatment. Imm unofluor escence staining 
sho w ed that neutrophils injected into the colon wall entered the 
lungs and were evenly distributed (Fig. 3 C, and Movie 4 , see online 
supplementary material). Using flow cytometry, we detected neu- 
tr ophils injected thr ough the intestine in the peripher al blood of 
mice. Among these neutrophils, we identified cells with a r e v erse 
migration phenotype (ICAM1 high , CXCR1 low ) [ 21 ] (Fig. 3 D). We first 
stained the cell membrane of neutrophils from WT mice, and then 

injected these neutrophils into the colonic mucosa of DSS mice 
nd WT mice. After 6 h, we observed detectable neutrophils in
he lungs of both endogenous and exogenous groups . T here was
o significant difference between them (Fig. 3 E). Additionally, the
xpression of citH3 (red) was increased in intestinal neutrophils 
pur ple) migr ating to the lung of DSS mice, but the original neu-
r ophils (gr een) in the lung did not expr ess citH3 (r ed) (Fig. 3 F). Fur-
hermore, we collected and extracted neutrophils from the lung 
av a ge of both groups of mice and found no difference in the num-
er of neutrophils (red) from the intestine (Fig. 3 G). Ho w ever, the
xpression of MPO and nuclear membrane CD63 significantly in- 
reased in neutrophils from the lungs of DSS mice compared to
T mice (Fig. 3 H). Mor eov er, we observ ed a significant incr ease

n the co-localization of gr anule membr ane (gr een) and nuclear
embrane (blue) in neutrophils (red) from the intestine in the

ung lav a ge of DSS mice compared to WT mice (Fig. 3 I, Fig. S3A , see
nline supplementary material). Finally, we measured the lung 
av a ge and found no significant difference in the expression of in-
ammatory factors between the two groups ( Fig. S3B ). Neutrophils

n the intestinal mucosa can return to the circulation and migrate
o the lungs. Ho w e v er, in DSS mice, neutr ophils r eturning to the
ungs exhibited stronger targeted nuclear degranulation. 

SS mice with pulmonary infection exhibit more 

evere pulmonary inflammation 

e emplo y ed the DSS mouse model and administered LPS
hr ough the intr anasal r oute. After 6 h, we obtained the lungs of
he mice and observed no significant difference in the number
f neutrophils between the lungs of DSS mice and the lungs of

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
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Figure 3. Intestinal targeted nuclear degranulation neutrophils migrate to the lung. ( A –C ) The intestinal mucosa of DSS mice was injected with 
exogenous neutrophils (red) and simultaneously stained with intestinal mesenteric vessels (green). ( B ) Neutrophils were observed to migrate to w ar ds 
the blood vessels under confocal microscopy. ( C ) The lung tissue tr anspar ency r e v eals a uniform distribution of neutrophils originating from the colon. 
( D ) Using flow cytometry, we detected neutrophils injected through the intestine in the peripheral blood of mice. Within these neutrophils, we 
identified cells with a r e v erse migr ation phenotype (ICAM1 high , CXCR1 low ). ( E ) Neutr ophils fr om the intestine wer e detected in both normal mouse and 
DSS mouse lung (red). ( F ) After lung lav a ge, neutr ophils wer e extr acted fr om the lav a ge fluid. The pr oportion of neutr ophils fr om the intestine w all w as 
similar in the lungs of both groups of mice. ( G ) Increased MPO expression in the nuclei of neutrophils and increased nuclear membrane CD63 
expr ession wer e observ ed in the br onc hoalv eolar lav a ge fluid of DSS mice. ( H ) Neutr ophils fr om normal mice wer e fluor escentl y stained (gr een) and 
intr av enousl y injected to simulate circulating neutrophils in the body. After collecting the lung, citH3 staining (red) shows that citH3 is primarily 
expressed in neutrophils derived from the intestine. ( I ) Immunofluorescence staining of neutrophils in the bronchoalveolar lavage fluid sho w ed 
increased fusion of toluidine blue granules (red) from the intestinal neutrophils with nuclear membranes (laminB, blue) in DSS mice. 
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T mice (Fig. 4 A). Furthermor e, ther e was no notable difference
n the number of neutrophils in the bronchoalveolar lavage fluid
etween the two groups (Fig. 4 B). The lung wet-to-dry ratio was
igher in the DSS group compared to the WT group (Fig. 4 C). In
ddition, we measured the presence of inflammatory factors in
he br onc hoalv eolar lav a ge fluid and found a higher expr ession
e v el of inflammatory factors [interleukin-6 (IL6) and IL17A] in the
SS gr oup compar ed to the WT gr oup (Fig. 4 D). The mouse oxy-
enation index was significantly reduced in the DSS group com-
ared to the WT group (Fig. 4 E). T herefore , we found that DSS mice
ad more severe symptoms and progressed faster after lung in-
ection compared to WT mice. Concurrently, the expression and
ctivity of MPO were increased in the DSS group compared to
he WT group (Fig. 4 F, G). Neutrophils from the DSS group ex-
ibited a higher le v el of NETs expression in the lung compared
o the WT group (Fig. 4 I). The expression of NETs was also sig-
ificantl y incr eased in the br onc hoalv eolar lav a ge fluid (Fig. 4 H).
o determine whether neutrophils releasing NETs primarily orig-
nated from the colon, we pre-stained neutrophils (purple) in-
ected into the colon mucosa and found that these neutrophils
xpr essed mor e citH3 (r ed) in the lungs (Fig. 4 J). These findings
 e v ealed that those neutrophils with targeted nuclear degranula-
ion from the colon of DSS mice migrated to infected lungs where
hey r a pidl y r eleased NETs and worsened the symptoms of DSS

ice. Se v en days after modeling DSS mice, we began to contin-
ousl y r ecor d the body w eight and mortality r ate of eac h mouse
or 7 da ys . LPS stimulation of the lungs resulted in an increased

ortality rate and significant weight loss in DSS mice ( Fig. S4A ,
, see online supplementary material ). 

embrane fusion and cytoskeleton changes 

ediate targeted nuclear degranulation 

n a pr e vious study, we observ ed the occurr ence of tar geted nu-
lear degranulation and elucidated the underlying mechanisms
 16 ]. In this study, we utilized neutrophils from human periph-
ral blood and conducted further experiments. Since the fusion of
ell membranes is responsible for this phenomenon, we employed
examethasone (DXMS) to stabilize the membrane. We uncov er ed
hat DXMS can effectiv el y inhibit the co-localization of CD63 gran-
les and the nuclear membrane (Fig. 5 A, B). DXMS effectiv el y in-
ibited MPO translocation to the nucleus and the formation of
ETs ( Fig. S4A , B). DXMS inhibited membr ane fusion, effectiv el y
r e v enting nuclear DNA br eaka ge (Fig. 5 C). This finding indicated
hat the fusion of azur ophilic gr anules with the nuclear mem-
rane is one of the important mechanisms for the formation of
ETs. In vitro , we stimulated neutrophils with PMA to simulate the

elease of NETs. We observed that cytochalasin, an inhibitor of cy-
oskeleton a ggr egation, effectiv el y r educed the formation of NETs
n neutrophils (Fig. 5 D, and Movie 5 , 6 , see online supplementary

aterial). Furthermor e, after stim ulating neutr ophils with LPS for

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
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Figure 4. DSS mice with pulmonary infection exhibit more severe pulmonary inflammation. ( A ) LPS causes significant infiltration of neutrophils in the 
lung of both WT mice and DSS mice, but it causes more significant lung edema in DSS mice. ( B ) LPS leads to an increase in neutrophil counts in the 
br onc hoalv eolar lav a ge fluid of both gr oups of mice, with no significant differ ence. ( C ) LPS leads to a mor e significant dry-to-wet r atio in the lung of 
DSS mice. ( D ) LPS causes a significant increase in inflammatory factors (IL6, IL17A) in the br onc hoalv eolar lav a ge fluid of DSS mice. ( E ) LPS 
significantl y decr eases the oxygenation index in DSS mice. ( F , G ) LPS causes a gr eater incr ease in both MPO content and activity in the br onc hoalv eolar 
lav a ge fluid of DSS mice. ( H , I ) LPS leads to the generation of more NETs (MPO, green; + citH3, red) in the lung of DSS mice. ( J ) LPS significantly 
decreases the oxygenation index in DSS mice. 
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1 h, we found that both cytochalasin and the CD44 transport pro- 
tein inhibitor, importini, effectiv el y r educed the tr anslocation of 
MPO into the nucleus (Fig. 5 E). Ther efor e, we belie v e that the fu- 
sion of azurophilic particles with the nuclear membrane and the 
changes in the skeleton are important mechanisms underlying 
targeted nuclear degranulation. 

CD44 mediates targeted nuclear degranulation 

during nuclear tr ansloca tion of neutrophils 

CD44, located on the surface of neutrophils, can serve as a link 
between F-actin and the cell membrane via ezrin/radixin/moesin 

(ERM) pr oteins. Upon activ ation, CD44 is r eleased fr om the cell 
membrane (Fig. 6 A). Our findings indicated that after neutrophil 
activation, CD44 is shed into the cytoplasm and then translocated 

to the nuclear membrane with the help of importin (a transfer 
protein) (Fig. 6 B, C). Ad ditionally, our stud y r e v ealed that hinder- 
ing cytoskeletal alterations and CD44 translocation to the nucleus 
can pr e v ent the formation of NETs (Fig. 6 D). Mor eov er, inhibiting 
the activity of importin reduces CD44 translocation to both the cy- 
toplasm and nuclear membrane (Fig. 6 E, F). We used a dynein in- 
hibitor (dynarrestin) to suppress the movement of granules along 
the c ytoskeleton to w ar d the nucleus (Fig. 6 G, and Fig. S5A , see 
online supplementary material). Dynarrestin effectively inhibited 

the co-localization of dynein (CD63, green) with F-actin (red). Sim- 
ilarl y, dynarr estin effectiv el y inhibited the co-localization of gran- 
ules (CD63, green) with F-actin (red) (Fig. 6 H). Moreover , dynar - 
r estin effectiv el y inhibited the formation of NETs induced after 
exposure to LPS ( Fig. S5B ). We also observed that dynarrestin ef- 
fectiv el y inhibited the increase in nuclear MPO le v els after expo- 
sure to LPS (Fig. 6 I). CD44 migrated to the nucleus and re-linked 
ith F-actin at the nuclear membr ane, whic h is an important
echanism mediating the proximity of azurophilic granules to 

he nucleus. Azurophilic granules approach the nuclear mem- 
r ane thr ough dynein on F-actin. 

iscussion 

n clinical practice, we observed that patients with active UC
xhibit mor e se v er e pulmonary inflammation after lung infec-
ion. We speculated that this may be related to gut–lung immune
rosstalk. Recent studies have suggested that the migration of im-
une cells in the mucosal immune system to different tissues

s a k e y mechanism involved in gut–lung crosstalk [ 10 , 22 ]. The
iscov ery of neutr ophils migr ating in r e v erse supports this phe-
omenon [ 23 ]. Ther efor e, we focused on neutrophils, considering
heir abnormal function and migration as a reason behind the ex-
cerbation of pulmonary diseases among patients with intestinal 
nflammation. 

We also found that the partial function of neutrophils in the
eripheral blood of patients with UC was abnormal. The degranu-

ation markers of neutrophils sho w ed a significant increase in the
eripheral blood of patients with UC, possibly due to partial gran-
le release at the site of colitis. Contrary to most of the previous
 eports, ROS r elease did not increase in this study [ 24 , 25 ]. After
taining with the DCFH-DA probe in vitro , no discernible secondary
ctiv ation was observ ed. Similarl y, we did not observ e an y signifi-
ant abnormalities in phagocytic function, chemotaxis, and apop- 
osis in purified neutr ophils. Inter estingl y, after stim ulating neu-
r ophils with LPS, UC neutr ophils r eleased mor e NETs. We spec-
lated that the neutrophils of patients with UC were more easily

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae028#supplementary-data
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Figure 5. Membrane fusion and cytoskeleton changes mediate targeted nuclear degranulation. ( A , B ) Neutrophils were preincubated with DXMS for 15 
min, and fluorescence staining shows that DXMS significantly inhibits the colocalization of CD63 with the nuclear membrane. ( C ) Dexamethasone 
significantly inhibits the breakage of nuclear DNA (TUNEL). ( D ) PMA stimulation induces NETs formation in neutrophils, and cytochalasin B (cytB) 
significantly inhibits NETs formation and neutrophil cytoskeleton changes. ( E ) Both cytB and importin activity inhibitors can inhibit the nuclear 
translocation of MPO. 
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ctiv ated. In our pr e vious studies, we observ ed the phenomenon
f neutrophil targeted nuclear degranulation and considered it as
 mechanism for the release of NETs by neutrophils [ 16 ]. 

To verify the phenomenon of neutrophil targeted nuclear de-
ranulation among patients with UC and its irreversibility, we first
nvestigated whether neutrophils in the peripheral blood of pa-
ients with UC exhibit the targeted n uclear degran ulation phe-
omenon. We measured the DNA fragmentation of neutrophils

n the peripheral blood of patients with UC, MPO translocation
nto the nucleus, and CD63 (azurophilic granule membrane) fu-
ion with the nuclear membrane. We observed membrane fusion
nder electron microscopy, confirming the existence of degranu-

ation in the nucleus. Inter estingl y, Metzler et al. found that MPO
id not enter the nucleus during the release of NETs [ 26 ]. There-
ore, we optimized the analysis method using arivis software for
mm unofluor escence and confirmed MPO translocation into the
ucleus. To confirm that MPO translocation into the nucleus is not
asil y r e v ersible, we cultur ed neutr ophils fr om patients with UC
or 2 h, detected nuclear MPO again, and extracted nuclear mem-
ranes to detect CD63 expression, finding that targeted nuclear
egranulation was not reversed. Without further stimulation, nu-
lear MPO was not expelled from the nucleus. Based on these find-
ngs, we speculated that neutr ophil-tar geted nuclear degr anula-
ion may r epr esent a semi-activated state. 

For the first time, Mathias et al . observed the reverse migration
f zebrafish neutrophils from the site of inflammation back into
he vascular system and introduced the concept of “r e v erse neu-
r ophil migr ation”. They suggested that r e v erse neutr ophil migr a-
ion is also an important pathway to neutr ophil activ ation [ 12 ].
ompar ed to neutr ophils in r esident tissues and circulation, neu-
r ophils under going r e v erse migr ation exhibit a unique pheno-
ype . T he neutrophil phenotype after reverse migration was cell
CAM-1 high , CXCR1 low , while neutrophils in resident tissue were
CAM-1 low , CXCR1 low , and the circulating neutrophils were ICAM-
 

low , CXCR1 high [ 21 ]. 
We verified whether these “semi-activated” neutrophils are the

ain components leading to lung–gut immune crosstalk. Using
he DSS mouse model, we observed the presence of partially in-
ected neutrophils in the mouse lungs after 6 h of injecting fluores-
entl y labeled semi-activ ated neutr ophils into the intestinal wall.
o confirm that semi-activ ated neutr ophils ar e an important fac-
or exacerbating lung infection, we sim ultaneousl y injected semi-
ctiv ated neutr ophils and established a lung infection model in
SS mice (LPS). Similarly, after 6 h, we observed more severe res-
iratory symptoms in DSS mice and found that neutrophils of

ntestinal origin released more NETs in the lungs. Ho w ever, the
imple DSS mouse model may be incomplete, as this model pro-
ides more severe colitis and increases the risk of symptoms dur-
ng lung infection. We will continue to impr ov e the model in sub-
equent studies to provide more comprehensive evidence. 

In general, mice with DSS-induced colitis are considered exper-
mental models of UC, which exhibit clinical and histological fea-
ures similar to human UC. Due to its simplicity , reproducibility ,
nd controllability, the DSS colitis model in UC r esearc h has ad-
 anta ges ov er other experimental models of c hemicall y induced
C [ 27 ]. Furthermor e, tr ansepithelial migr ation of neutr ophils r e-

ulting in cryptitis and crypt abscess, a common histologic find-
ng in UC, was r epr oduced in mice subjected to c hr onic DSS
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Figure 6. CD44 mediates targeted nuclear degranulation during nuclear translocation of neutrophils. ( A ) LPS stimulation resulted in the shedding of 
cell membrane CD44 in neutrophils, which was not inhibited by the cytB and importin activity inhibitor. ( B ) ELISA showed that LPS can stimulate the 
shedding of CD44 into the cytoplasm. ( C , E , F ) The importin activity inhibitor (importini) effectiv el y inhibited the nuclear translocation of CD44 and 
further suppressed the nuclear translocation of MPO. ( D ) The combination of cytB and importin activity inhibitor can effectiv el y inhibit the formation 
of NETs. ( G , H ) After pr e-incubating neutr ophils with the d ynein inhibitor (d ynarr estin), stim ulate the neutr ophils with LPS for 1 hour. Dynarr estin can 
effectiv el y inhibit ( G ) the co-localization of dynein1 (green) and cytoskeleton (F-actin, red), ( H ) the co-localization of azurophilic granules (CD63, green) 
and cytoskeleton (F-actin, red), and ( I ) MPO entry into the nucleus. 

Figure 7. Targeted nuclear degranulation of neutrophils promotes the progression of pneumonia in UC. After receiving stimulation at the intestinal 
lesion site, neutrophils in the intestinal mucosa undergo cortical cytoskeleton depolymerization and reaggregation in the cytoplasm, while the cell 
membrane CD44 is shed into the cytoplasm and transported to the nucleus through importin protein. CD44 anchors F-actin to the nuclear membrane 
via ERM. Azurophilic granules move to w ar ds the nuclear membrane along F-actin and e v entuall y fuse with the nuclear membrane to release MPO into 
the nucleus. When the lungs are infected, some of the intestinal neutrophils undergo “targeted nuclear degranulation” and reenter the circulation, 
e v entuall y r eac hing the lungs. Neutr ophils r a pidl y r elease lar ge amounts of NETs in r esponse to lung stim ulation, exacerbating lung dama ge. 
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administration [ 28 ]. We injected the labeled neutrophils into the 
lesion site through the intestinal wall, which is different from the 
neutr ophil infiltr ation of the intestinal wall in patients with UC.
Ho w e v er, we primaril y aimed to observ e the pr ocess of neutr ophil 
r e v erse migr ation” fr om the intestinal wall. We also recognize
he limitations of this model, and will optimize it in future stud-
es . Numerous studies ha ve shown that neutrophil reverse migra-
ion is a double-edged sw or d. On the one hand, neutrophil reverse
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igration can promote the resolution of local inflammation by ac-
elerating the clearance of neutrophils from local wounds. On the
ther hand, neutrophils re-enter the circulatory system, which
ay lead to the spread of systemic inflammation [ 29 ]. Our study

lso found that neutrophils in the intestinal lesion of patients
ith UC migrate in reverse to the infected lungs, increasing the

ymptoms of lung infections. 
Although we observed targeted nuclear degranulation in neu-

r ophils stim ulated with PMA in our pr eliminary studies, this does
ot correspond to the pathogenesis of colitis, as in colitis, LPS is
he main trigger for neutrophil activation. T herefore , we stimu-
ated neutrophils with LPS, confirming the presence of targeted
 uclear degran ulation after LPS stim ulation. Mor eov er, we found
hat CD44/ERM/F-actin formed on the nuclear membrane and
he cytoplasmic dyneins carried azurophilic granules for trans-
ort on the cytoskeleton. This is the main mechanism of de-
ranulation to w ar d the n ucleus. Ad ditionally, we identified neu-
r ophils with degr anulation to w ar d the nucleus in the periph-
ral blood of patients with UC. Hence, we believe that the retro-
r ade pulmonary migr ation of neutr ophils with degr anulation to-
 ar d the nucleus leads to se v er e lung infection in patients with

olitis. 
Our study unr av eled that neutrophils with targeted nuclear de-

ranulation in the intestinal mucosa of DSS mice can enter the
irculation and migrate to the lung during lung infections . T hese
eutr ophils r a pidl y r elease NETs after stim ulation in the lung,
hereby facilitating the progression of inflammation (Fig. 7 ). These
ndings pro vide in valuable insights into the management of lung

nfections in patients with IBD and advance our understanding of
ulmonary–intestinal crosstalk. 
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